Mesophyll protoplasts and bundle sheath strands of maize (Zea mays L.) leaves have been isolated bv enzymatic digestion with cellulase. Mesophyll protoplasts, enzymatically released from maize leaf segments, were further purified by use of a polyethylene glycol-dextran liquid-liquid two phase system.
isolated using filtration techniques. Light and electron microscopy show separation of the mesophyll cell protoplasts from bundle sheath strands. Two varieties of maize isolated mesophyll protoplasts had chlorophyll a/b ratios of 3.1 and 3.3, whereas isolated bundle sheath strands had chlorophyll a'b ratios of 6.2 and 6.6. Based on the chlorophyll a/b ratios in mesophyll protoplasts, bundle sheath cells, and whole leaf extracts, approximately 60% of the chlorophyll in the maize leaves would be in mesophyll cells (9, 12, 13, (31) (32) (33) 37) . However, we have found no reports in the literature on the isolation of leaf protoplasts from plants having the C4-dicarboxylic pathway of photosynthesis, most of which are grasses of tropical origin.
According to the scheme presented by Hatch and Slack (21) , 1 Permanent address: Department of Biochemistry, Faculty of Science and Engineering, Saitama University, Urawa, Japan. ' To whom reprint requests are to be sent. (3 ) and tomato fruit (20) , the intact mesophyll protoplasts of maize would not float to the top of a 20% (w/v) sucrose solution. Attempts to purity the maize protoplasts by the floating method were unsuccessful. Finally a liquid-liquid two-phase system using dextran T40 and polyethylene glycol 6000 was developed for the separation of protoplasts from chloroplasts and broken protoplasts (see ref. 1 for general biological applications of two-phase systems). The two phase system contains 1.65 ml of 30% (w/w) polyethylene glycol 6000 (J. T. Baker Chem. Co.), 4.5 ml of 20% (w/w) dextran T40 (Pharmacia Fine Chemicals, Inc.), 1.5 ml of 2.4 M sorbitol, and 0.45 ml of 0.2 M sodium phosphate buffer (pH 7.8). To this mixture, in a 15-X 125-mm test tube, was added 0.9 ml of protoplasts suspended in medium A. The two-phase solution was mixed gently and centrifuged in a swinging bucket centrifuge at 300g for 5 min at 5 C.
The intact mesophyll protoplasts, which localized at the interphase of the two-phase system, were sucked up by a Pasteur pipette and resuspended in medium A. Chloroplasts and broken cells were found in the lower phase of the two-phase solution.
The procedure was repeated twice, and the isolated mesophyll protoplasts were resuspended in medium A. The protoplasts were centrifuged at 400g for 3 min and resuspended in medium A.
The two-phase method for the purification of plant protoplasts and the separation technique for the isolation of mesophyll protoplasts and bundle sheath strands have been applied successfully to other C, plant species such as sugarcane, sorghum, Digitaria (17, 39) . Accordingly, about 60% of the chlorophyll in the leaves of maize is in mesophyll cells with 40% in bundle sheath cells (Table I ). There is slightly more chlorophyll a in mesophyll cells than in bundle sheath strands with the main difference in chlorophyll distribution in the leaf being more than a 2-fold higher level of chlorophyll b in mesophyll cells.
Several enzymes which are thought to be a part of the photosynthetic pathway in C, plants were assayed in leaf extracts, (4, 8, 14) , another has suggested the RPP pathway is about equally distributed between the photosynthetic cell types (30) , while another report claimed that the RPP pathway and C4 pathway is in the bundle sheath cells of maize (5) . The separation of the two photosynthetic types of cells from leaves of C4 plants is of primary importance for biochemical studies on the carbon assimilation pathway.
Evidence which suggests a differential localization of two carboxylating enzymes in mesophyll and bundle sheath cells was initially obtained by use of density gradient fractionation of chloroplasts in a nonaqueous medium (35, 36) and by use of differential grinding of leaves (7) . The isolation and separation of mesophyll and bundle sheath cells by mechanical grinding from a C, plant, Digitaria sanguinalis, provided direct evidence for the localization of phosphopyruvate carboxylase and activity of the C4 pathway in mesophyll cells and RPP pathway in bundle sheath cells (15, 17) . Although isolated bundle sheath strands have been obtained from various C4 plants such as Panicum miliaceum (18) , Panicumnmaximum, Panicum capillare, and Kochia scoparia by the mechanical grinding method, mesophyll cells were completely broken (Huber, Kanai, Edwards, unpublished). In our experience with mechanical grinding of maize leaves, mesophyll cells were broken and the yield of intact bundle sheath strands from maize leaf was rather poor although some studies have been done with maize bundle sheath cells isolated by mechanical grinding (10) . In the present study with bundle sheath strands of maize prepared by cellulase treatment, the activity of RuDP carboxylase was about 2-fold higher than the activity reported from bundle sheath strands of maize prepared by mechanical grinding (10) . However, we obtained even higher values of the RuDP carboxylase activity in extracts from bundle sheath strands which were still sandwiched between the epidermal tissue (Table II) .
Although most cells appeared intact, some damage to bundle sheath cells of isolated bundle sheath strands could be observed under the light microscope. The damaged cells still contained chlorophyll, but chloroplasts were disrupted. Therefore, the activity of the RPP pathway enzymes may be actually higher in the bundle sheath in vivo than the values found with the isolated bundle sheath strands. Based on the percentage of distribution of chlorophyll in the two cell types, it was possible to calculate the recovery of the enzyme activity in the cellular preparations as a percentage of the total activity in the whole leaf extract. The average recovery of the enzyme activity for the two varieties was 94% phosphopyruvate carboxylase and 86% malic dehydrogenase (NADP) (30) . A further question is whether low levels of RuDP carboxylase and RPP pathway may be present in mesophyll cells. The enzyme localization studies by differential grinding experiments (2, 6, 7, 28) would support this possibility, since 15 to 35% of the total RuDP carboxylase was found in their "mesophyll fractions."
The distribution of enzymes of carbon metabolism between mesophyll protoplasts and bundle sheath strands of maize leaves (Table II) provides evidence for the exclusive localization of the RPP pathway in bundle sheath cells and the C4 pathway in mesophyll cells. Previous results obtained with isolated mesophyll and bundle sheath cells of Digitaria sanguinalis (15, 17) supports these results with maize. Therefore the RuDP carboxylase activity found in mesophyll fractions by the differential grinding methods could be an indication of the breakage of bundle sheath cells.
The contamination of the mesophyll cells with bundle sheath cells and vice versa could make a substantial error in the measurement of the chlorophyll a/b ratio of the respective fractions obtained by using the differential grinding method (39) . Using the data on the a/b ratios obtained by this method to determine the distribution of chlorophyll in the leaf may not be reliable and could account for the low estimation of 19 to 30% of the total leaf chlorophyll in the bundle sheath of maize by Woo et al. (39) .
Among higher plants, C4 plants are reported to have the highest photosynthetic capacity per unit leaf area (19, 41) . An understanding of the efficiency of photosynthesis in C4 plants requires in part a firm establishment of the intracellular localization of enzymes of the carbon assimilation pathway as well as the distribution of chlorophyll species and enzymes between the two photosynthetic cell types. The isolation and separation of protoplasts of these cells can provide the opportunity for these studies.
